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THERMAL CHARACTERIZATION OF A NASA 30-CM ION THRUSTER
OPERATED UPTO 5KW

Timothy R. Sarver-Verhey, Matthew T. Domonkos,” and Michael J. Patterson’
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

ABSTRACT

A preliminary thermal characterization of a newly-fabricated NSTAR-derived test-bed thruster has recently
been performed. The temperature behavior of the rare-earth magnets are reported because of their critical
impact on thruster operation. The results obtained to date showed that the magnet temperatures did not ex-
ceed the stabilization limit during thruster operation up to 4.6 KW. Magnet temperature data were also ob-
tained for two earlier NSTAR Engineering Model Thrusters and are discussed in this report. Comparison
between these thrusters suggests that the test-bed engine in its present condition is able to operate safely at
higher power because of the lower discharge losses over the entire operating power range of this engine.
However, because of the 'burn-in' behavior of the NSTAR thruster, magnet temperatures are expected to
increase as discharge losses increase with accumulated thruster operation. Consequently, a new engineering
solution may berequired to achieve 5 kW operation with acceptable margin.

INTRODUCTION

The benefits of high-specific impulse ion propulsion
have been successfully demonstrated with the NSTAR
(NASA Solar Electric Propulsion Technology Applica-
tions Readiness Program) ion thruster used on the Deep
Space 1 (DS-1) spacecraft.' This ion thruster was
designed to operate at a maximum input power and
lifetime of 2.3 kW and 8,000 hours, respectively. The
propulsion system has successfully met al of the per-
formance requirements to date. Recent interest in inter-
planetary missions present propulsion requirements that
can be addressed with ion thrusters operating at 3 to 5
kW input power. Consequently, a program was initiated
at the NASA Glenn Research Center (GRC) to deter-
mine the capability of an NSTAR-class thruster to op-
erate at these higher powers. One of the critical issues
for successful long-life operation of the ion thruster is
operating temperature. Thruster components that are
expected to be significantly affected by increased oper-
ating temperatures include: 1) the rare-earth magnets
used in the discharge chamber, 2) the discharge and
neutralizer hollow cathodes, and 3) the propellant isola-
tors. This report will focus on the magnet temperature
behavior. The performance, as well as other operational

aspects, of this engine has been reported elsewhere.”®

*Technical Staff, Member AIAA.
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The rare-earth magnets used in the NSTAR thruster
provide magnetic fields of sufficient strength for elec-
tron confinement within the discharge chamber, which
iscritical for efficient thruster operation. These magnets
degrade rapidly at temperatures in excess of their ther-
mal stabilization limit of 350 °C. Consequently, thruster
operation is typicaly limited to temperatures below this
thermal stabilization limit.

Rawlin et al. measured NSTAR thruster body and ancil-
lary surface temperatures over the thruster power range

of 0.5t0 2.3 kKW." Several thermocoupl es were mounted
on the thruster and measurements were made once the
engine thermally stabilized during characterization test-
ing. Data were collected on a series of Engineering
Model Thrusters (EMTs) developed during the engine
design evolution to the flight system. Five engines were
tested, including a flight-like pathfinder engine; the
evolution of the thruster design is detailed in Ref. 4.
These engines were typically installed in an enclosure
that allowed the temperature of the ambient environ-
ment to be varied from -130 °C to 60 °C. This enclo-
sure enabled the radiative characteristics of the ion en-
gine to be investigated. The study of the thermal behav-
ior was performed in part to understand how to mini-
mize or eliminate the rejection of waste heat from the
DS-1 ion engine to the spacecraft. The results of this
study were used to establish the maximum magnet tem-
perature allowed in the NSTAR thruster at 310 °C.
This NSTAR temperature limit subsequently estab-
lished a safety margin of 40 °C with respect to the
thermal stabilization limit.



As part of the development of a high-power ion
thruster, an investigation is underway to characterize
the thermal behavior of an NSTAR-derived ion thruster
operated over an input power range of 0.5 to 5 kW.
This engine will be referred to as the GRC test-bed
thruster. The power range is 2x greater than that of the
NSTAR engine, and consequently, would affect magnet
temperatures.

Prior to testing of the GRC test-bed thruster, tempera-
tures were measured on two NSTAR EMTs to deter-
mine their thermal behavior up to the thermal stabiliza-
tion limit of the magnets. The results of these measure-
ments will be included in this report.

Thruster surface temperatures were measured directly
during performance testing. Additionally, temperatures
on the hollow cathode surfaces were measured optically
because of the difficulty with other temperature meas-
urement approaches. This work is in progress, the
results presented here are preliminary. This report con-
sists of the following: 1) the methodology used for
temperature measurements, 2) summary of the magnet
temperature measurements of two EMTs (EMT 4 and
EMT 3), 3) preliminary magnet temperature results
obtained during thruster operation up to 4.6 kW, 4) a
brief discussion on the quality of the temperature meas-
urements, and 5) the relative differences in the results
for al three engines.

TEST DESCRIPTION

Temperature Measurement Approach The thermal
characterization of EMT 3 and 4 were performed in a
similar fashion as the EMT characterization for the
NSTAR ion thruster development program.4 The proce-
dure used for temperature measurement was to maintain
the ion engine at a fixed condition until the tempera-
tures stabilized. Stabilization in this investigation was
defined as when a mgjority of the thermocouple read-
ings changed by 3 °C or less during a 30 minute period.
Temperatures were measured with and without beam
extraction. For operation without beam extraction, the
gas flows were adjusted to replicate the discharge
power level (voltage changed while current remained
constant) that existed with beam extraction. This ap-
proach was validated by measuring temperatures with
and without beam extraction, wherever possible.

Th procedure used for testing of the GRC test-bed
thruster was similar to the aforementioned one, how-
ever, temperatures were measured before the thermal
stabilization criterion was met to accommodate thruster
performance testing. For this report, the recorded
temperatures are reported along with error bars that
represent the expected thermally stable temperatures.

NASA/TM—2001-210696

Thruster Description. The NSTAR-derived GRC test-
bed thruster and the NSTAR EMTs have been
described in extensive detail elsewhere,"*** Briefly, the
ion engine consists of a 30-cm diameter discharge
chamber, which incorporates a permanent magnet ring-
cusp configuration and two-grid ion optics. The dis-
charge chamber is an aluminum cylinder with a conical
section that eliminates the back-end corner, as shown in
Figure 1. The magnets used are rare-earth magnets that
have been thermally stabilized at 350 °C. The ring-cusp
configuration consists of three rings: 1) the front ring,
adjacent to the grid set, 2) the middle ring, at the junc-
tion of the cylindrical and conical body sections, and
3) the cathode ring, on the thruster back wall around the
cathode assembly.

While the EMTs and GRC test-bed thruster designs are
similar, differences in designs and operation may have
significant thermal effects. These differences are sum-
marized in Table 1.

Thruster operating procedures and results have been
described elsewhere.’

Thruster Thermal Conditions. For the NSTAR
EMTSs, the entire engine was installed in a thermally
isolated enclosure to more accurately represent the
DS-1 spacecraft configuration. The enclosure is ex-
pected to increase al temperatures in the engine
because it reduces the radiation losses from the thruster.
The GRC test-bed thruster was tested without a ther-
mal-isolation enclosure. This engine is only thermally
isolated from its mounting supports. The GRC test-bed
and EMT engines were also tested in different facilities
as described below. However, the influence of the test
facility on the thermal behavior of the thruster remains
undetermined.

TEST SUPPORT EQUIPMENT

Test Facilities. For the NSTAR EMTS, the tests were
conducted in a large space simulation chamber at
NASA GRC. The facility, Vacuum Facility #5, is
asteel tank that is 4.2 m diameter x 18.3 m long.” Facil-
ity pressures at 2.3 kW thruster power was nominally
2.0 x 10° Pa (1.0 x 10° torr) operating on 20-0.8 m di-
ameter oil diffusion pumps. The thrusters were installed
in the thermally isolating enclosure that extended into
the tank during operation.

For the GRC test-bed thruster, the test facility, Vacuum
Facility #11, consisted of an aluminum vacuum cham-
ber that is approximately 2.2 m diameter x 7.9 m long.
The chamber was equipped with 4-0.9 m diameter and
3-1.2 m diameter helium refrigerator cryo-pumps. It
aso included a turbo-molecular pump for evacuating



elements not pumped by the cryo-pumps, such as
helium. The total pumping speed of the facility was
approximately 110,000 liters per second on xenon pro-
pellant. At the flow rate corresponding to operation at
the maximum input power of 4.6 kW, the background
pressure was 6.6x10™ Pa (5.0 x 10° torr).

Power Supplies. Operation of the ion engines were
conducted using two similar power consoles originally
developed for the NASA 30-cm thruster.” The power
console developed for NSTAR EMT testing was used
for the EMTS temperature characterization. This con-
sole was subsequently modified for testing the GRC
test-bed thruster up to 5 kW. The thrusters use 4 power
supplies for steady-state operation, and require 2 addi-
tional power supplies for start-up of the discharge and
neutralizer cathodes.

Instrumentation. For NSTAR EMTs temperature char-
acterization, EMT 3 and EMT 4 were outfitted with
multiple Type K thermocouples, most of which were on
the magnet ring surfaces on the discharge chamber ex-
terior. Two or more thermocouples were attached at
different positions around the thruster body for redun-
dancy and to determine if any azimuthal asymmetry
existed. Typically, the thermocouples were positioned
180° apart (top and bottom). For all thrusters, the ther-
mocouples were electrically isolated from ground to
ensure proper engine operation during beam extraction.
Temperatures were displayed on digital meters.

For the GRC test-bed thruster, temperature measure-
ments are being performed using three methods:

1) Thirty-four Type K thermocouples are attached
at various surfaces on the thruster, including six
on the magnet ring surfaces. The locations of the
thermocouples attached at the magnet rings are
shown in Figure 1.

2) A charged injection diode video camera records
the optical emission from the GRC test-bed
thruster surfaces. These measurements of light
intensity from the operating thruster are con-
verted to temperatures using a calibration with a
tungsten filament lamp.

3) A disappearing filament oyrometer was used to
measure temperatures on the discharge cathode
and neutralizer cathode orifice and keeper plates.

While the latter two techniques are being used, the
procedures require further refinement in order to gain a
high degree of confidence in the temperature measure-
ments. Therefore, temperatures reported herein are
limited to the thermocouple data.
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TEST RESULTS & DISCUSSION

For al of the engines investigated to date, the magnet
temperatures as functions of discharge power, and,
therefore, thruster power will be presented. In addition
to the temperatures, the discharge losses were deter-
mined over the discharge and thruster power ranges.
Discharge losses are defined as the discharge power
divided by the beam current and represent the power
required to generate the internal plasma from which the
ion beam is extracted.

EMT Test Results. The EMT 4 engine was tested over
the power range of 0.5 kW to approximately 2.7 kW.
Several of the temperature measurements were obtained
without beam extraction. The measured temperatures as
functions of discharge power and thruster input power
are shown in Figures 2 and 3, respectively. In each, the
temperatures are shown for the front, middle, and cath-
ode (back) magnet rings. The indicated temperatures
are averages of all temperatures recorded on each ring.
There were only small differences in measurements at
different azimuthal positions, which is included in the
indicated temperature reading uncertainty (error bars).
Also included in the temperature uncertainty is the in-
herent thermocouple error of < 1%.

The maximum temperature measured on EMT 4 was
approximately 325 °C, which was recorded on the front
magnet ring at a thruster power of 2.7 kW. The tem-
perature behavior over the power range of 0.5 to
2.3 kW was similar to results obtained in Ref. 4.

EMT 3 was operated up to approximately 3.2 kW.
Temperatures as functions of discharge and thruster
power are shown in Figures 4 and 5, respectively. As
can be seen, performance was similar to EMT 4. The
most noteworthy difference was that while EMT 3
operated at dightly higher temperatures over the
discharge power range, the discharge powers necessary
to produce the required beam powers were lower. Con-
sequently, the thruster power as a function of the
discharge power was higher. The maximum magnet
temperature measured on EMT 3 was approximately
330 °C on the front ring when the thruster power was at
3.1 kW, which is very similar to the maximum tempera-
tureon EMT 4 when operated at 2.7 kW.

While the magnet temperatures for both EMT 4 and
EMT 3 exceeded the NSTAR temperature limit at
thruster powers greater than 2.3 kW, the temperatures
never reached the thermal stabilization limit of 350 °C.
Consequently, no irreversible changes in the magnets
were expected to occur nor were any apparent in subse-
guent thruster operation.



For both of the EMTS, the discharge losses decreased
with increasing discharge (and therefor e thruster)
power and reached a minimum value of approximately
200 W/A, both of which are consistent with previous

testing. !

GRC Test-bed Thruster Results. Testing of the GRC
test-bed thruster to date has focussed on performance

characterization and plasma measurements.”® Conse-
quently, there has only been a limited opportunity for
steady-state temperature measurements. In general, the
thruster was maintained at each operating condition for
approximately 30 minutes. Typica stabilization times
for the data collected during EMT 4 and 3 testing
was approximately 60 to 90 minutes. Based on the sta-
bilization behavior of the measured temperatures on the
EMT engines, it is estimated that the temperatures on
the GRC test-bed thruster were within approximately
210 5 °C of their thermally stable point. The error bars
for the temperatures shown in Figures 6 and 7 incorpo-
rated this stabilization error.

Testing was performed after the thruster had accumu-
lated about 50 hours of total operating time. The engine
was operated over the thruster power range of 0.5 to
4.6 kW. The magnet ring temperatures as functions of
discharge and thruster power are shown in Figures 6
and 7, respectively. As with EMT 3, the temperatures
are the average of al the temperatures recorded on the
respective rings.

In general, the measured temperatures were lower than
those in either of the EMT engines over the same dis-
charge power range. As can be seen, the front ring was
the hottest and was the only location where the NSTAR
temperature limit was exceeded. This occurred at adis-
charge power of approximately 420 W and a thruster
power of approximately 4 kW. However, there was no
discernable change in subsequent thruster operation.
The maximum temperature recorded for this thruster
was approximately 335 °C at a thruster power of
4.6 kKW.

The discharge losses as functions of the discharge and
thruster powers are included in Figures 6 and 7. These
losses were significantly lower than those measured
with either EMT 3 or EMT 4. Consequently, lower dis-
charge power was required to operate the engine at the
thruster power set-points. The reduction in discharge
power at a given thruster set-point resulted in lower
magnet temperatures, alowing the engine to operate
safely at higher power.

Even though the GRC test-bed thruster was operated
up to higher thruster input powers, the magnet
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temperatures in this engine were similar to the EMT
engines at the same discharge powers. This suggests the
following: 1) that the discharge losses directly relate the
discharge power to the thruster power (where beam
power is fixed), and 2) that the design of the NSTAR-
derived engine is a more significant factor in tempera-
ture determination than the thruster materials or the
thermally isolating environment of the thruster.

One factor that is not apparent in the temperature data
obtained to date is the effect of accumulated thruster
operation on thruster performance and subsequently
magnet temperatures. During a 8,200 wear test, the
NSTAR thruster demonstrated a significant change in
performance during the first 100+ hours of operation.’
For discharge losses, this change results in a rapid
increase to approximately 180 W/A. The discharge
losses subsequently increased to approximately
200 W/A over the first 3,000 hours of testing. This
‘burn-in' behavior appears to be intrinsic to the thruster
design, as it has been observed on other operated
devices, including EMTs 3 and 4.

The measurements made to date on the GRC test-bed
engine have al been within the first 50 hours of accu-
mulated operation, when the discharge losses are
expected to be low. A characterization of temperature
behavior of the GRC test-bed thruster should be
performed after a few hundred hours or more of accu-
mulated operation. Based on a linear extrapolation of
the temperature behavior shown in Figure 6 and assum-
ing a nominal discharge loss of 200 W/A, then it is es-
timated that the front ring magnets may get as hot as
380 °C + 10 °C at 4.6 kW thruster power. Thisincorpo-
rates the conservative estimation that the temperatures
continue to scale linearly with discharge power. Conse-
quently, the current rare-earth magnets are not expected
to be compatible with 5 kW operation.

In order to achieve higher power operation without
jeopardizing the magnets, and maintain a margin
between operating temperature and the thermal stabili-
zation limit of the magnets, changes to the thruster will
be required. One approach is to modify the thruster
design to reduce magnet temperatures. These modifica-
tions are expected to require substantial changes to the
thruster, and consequently break the current heritage
with the NSTAR engine. Alternatively, recently
developed rare-earth magnet with a higher thermal
stabilization temperature (> 500 °C) could provide the
necessary margin, as well as accommodate the impact
of increasing discharge losses during thruster "burn-in,"
without modification of the NSTAR thruster design.



CONCLUDING REMARKS

The GRC test-bed thruster has been successfully oper-
ated up to approximately 4.6 kW without exceeding the
magnet temperature stabilization limit. From the
temperature measurements obtained to date, it was
concluded that:

1. The magnet temperatures in the GRC test-bed and
EMT engines were approximately the same over
the same discharge power range. This strongly
suggests that the NSTAR-derived thruster geome-
try is a more significant factor in temperature
determination than the materials or the thermally
isolating environment.

2. Magnet temperatures as a function of the thruster
power are strongly related to thruster discharge
losses.

The GRC test-bed engine is compatible with operation
up to 5 kW at the beginning of life. However, because
of the 'burn-in' behavior of the NSTAR thruster, the
magnet temperatures are expected to increase as the
discharge losses increase with accumulated thruster
operation. Based on past behavior of the NSTAR
thrusters, the magnet temperatures were conservatively
estimated to reach a maximum of approximately 380 °C
once test-bed thruster performance has stabilized,
which exceeds the magnet stabilization temperature
limit. Therefore, modifications to the thruster design are
required to enable successful operation up to a thruster
power of 5 kW.
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Table 1. Comparison of EMT and GRC test-bed thruster thermal factors.

EnginelD EMT 3 EMT 4 GRC test-
bed
Description
Thermal isolation of engine from Yes Yes No
facility?
Discharge chamber material AllTi Ti Al
Wire mesh throughout discharge Yes Yes Yes
chamber?
Discharge chamber interior grit- Yes Yes Yes
blasted for emissivity control?
Lightening holes on magnet retain- Yes Yes Yes
ing rings?
Temperatures measured without Partial No No
beam extraction?

Cathode Ring

Front Ring

Figure 1. Schematic of NSTAR-derived thruster configuration. The white dotsindicate the positions
of the thermocouples used for magnet temper ature measurements.
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Figure2 Magnet ring temperaturesand dischar ge losses measured on the NSTAR EMT 4 asfunctions of discharge
power within thethruster.
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Figure3 Magnet ring temper atures and dischar ge losses measured on the NSTAR EMT 4 asfunctions of thruster
input power.
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Figure4 Magnet ring temperatures and dischar ge losses measured on the NSTAR EMT 3 asfunctions of discharge
power within thethruster.
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